Introduction
The separation of rare earth elements from solutions containing many kinds of rare earth elements is difficult because of their very similar chemical properties. 1 Solvent extraction methods performed for the separation of rare earth elements pose environmental problems because a large amount of organic solvent is inevitably used. As a consequence, many researchers have been studying the removal of uranium using microorganisms such as actinomycetes, [2] [3] [4] [5] bacteria, 3, 6−10 fungi, 3, 11−15 and yeasts. 3, 7, 16 The adsorption of several actinides (thorium and uranium) and lanthanides (lanthanum, europium, and ytterbium) by Mycobacterium smegmatis has been investigated; however, the amount of adsorbed lanthanide on cells was low and there was almost no difference in the amounts of different lanthanides extracted. 10 Recently, it was reported that Gram-negative bacteria, such as Variovorax paradoxus, reduced the amount of light rare earth elements such as Y, La, Ce, and Nd, more than that of the other rare earth elements from solutions containing all of the lanthanides. 17 It was also reported that Streptomyces sp. decreased the amount of Yb. 18 We have investigated the accumulation of rare earth elements using various microorganisms from solutions containing only one kind of rare earth element (not published). The amounts of rare earth elements accumulated by Gram-positive bacteria were much higher than those by Gram-negative bacteria, fungi, and yeasts. Most species of the Gram-positive bacteria have higher rare-earth-element accumulating abilities than actinomycetes. However, actinomycetes and other Gram-positive bacteria showed different accumulating features in the case of the uranium. 3, 19 The amounts of uranium accumulated at pH 5.8 using Gram-positive bacteria such as Arthrobacter nicotianae IAM12342, Bacillus subtilis IAM1024, and Micrococcus luteus IAM1056, were higher than those using all the actinomycetes strains tested (20 strains). 3 On the other hand, the amounts of uranium accumulated at pH 3.5 using half strains of actinomycetes tested were higher than those using all the Gram-positive bacteria except A. nicotianae. 19 Therefore, actinomycetes and other Gram-positive bacteria are expected to have different features for accumulating rare earth elements from solutions containing many kinds of rare earth elements. Accordingly, in order to clarify the possibility of separating rare earth elements, actinomycetes and other kinds of gram-positive bacteria that have a high accumulating ability for rare earth elements were examined in this study. First, the screening of microorganisms for the selective accumulation of Y, La, Sm, Er, and Lu from a solution containing these 5 kinds of metals was examined using 18 kinds of strains. After that, the accumulation pattern of Y and all lanthanides elements and the effect of the concentration of rare earth elements on the accumulation of these elements were studied using strains that showed both high accumulating ability and selectivity.
Experimental
Materials. The strains used in this study were generously donated by the IAM Culture Collection, Center for Cellular and Molecular Research, Institute of Molecular and Cellular Biosciences, The University of Tokyo (IAM); and the Faculty of Engineering, Hiroshima University (HUT). The chemicals (guaranteed reagents) were obtained from Nacalai Tesque, Inc., Kyoto.
Culture conditions of microorganisms. The medium for growing bacteria contained 3 g/L meat extract, 5 g/L peptone, and 5 g/L NaCl in deionized water. The medium for growing actinomycetes contained 4 g/L yeast extract, 10 g/L malt extract, and 4 g/L glucose in deionized water, pH 7.1. The microorganisms were maintained on agar slants and grown in 300 mL of the medium in a 500 mL flask with continuous shaking (120 rpm) for 72 h at 30 ˚C. Cells were collected by centrifugation (for bacteria) or by filtration through filter paper (for actionomycetes) and washed thoroughly with deionized water for use in the accumulation experiments. The selective accumulation of rare earth elements in Gram-positive bacteria and actinomycetes was examined. The resting cells of 18 strains having high capacities to accumulate rare earth elements were screened for selectivity using a solution containing 5 elements: Y, La, Sm, Er, and Lu. Among the strains tested, Bacillus megaterium accumulated Sm, Streptomyces albus accumulated Lu, and Arthrobacter nicotianae accumulated both Sm and Lu in higher quantities than the other metals. Similar results were also obtained from a solution containing Y and 14 rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). The amount of Sm accumulated in B. megaterium and that of Lu accumulated in S. albus increased as the initial metal concentration increased. S. albus and B. megaterium cells show the highest capacity to accumulate Lu and Sm, respectively, from a solution containing 5 elements, Y, La, Sm, Er, and Lu when each metal concentration ranged from 20 to 100 µM. These results suggest that the separation of these two rare earth elements using microorganisms should be possible. suspended in a 100 mL solution (pH 5.0) containing 66.5 µM of Y, La, Sm, Er, and Lu, and the suspension was shaken for 3 h at room temperature. The pH of the solution was adjusted to 5.0 with 0.1 M NaOH because the precipitation of hydroxide from NaOH occurred at pH 6.0, while, in a solution containing only Sm, the amount of accumulated Sm increased with increasing pH (data not shown). The microorganisms were then collected by filtration through a membrane filter (pore size 0.2 mm). The amount of metal accumulated by the cells was determined by measuring the metal content in the filtrate using an inductively coupled plasma quantometer (ICPS8000, Shimadzu Corporation, Kyoto).
Metal accumulation experiments
Selective accumulation of Y and rare earth elements in microorganisms. In order to determine the selectivity of Sm and/or Lu accumulation, the selective accumulation of Sm and/or Lu was tested in S. albus, B. megaterium, and A. nicotianae. The resting cells (15.0 mg dry wt. basis) were suspended in 100 mL of the solution (pH 5.0) containing 66.5 each µM of Y and all the lanthanides elements for 3h at room temperature.
Rare-earth-element accumulation capacity of microorganisms. In order to determine the Lu accumulation capacity of S. albus and the Sm accumulation capacity of B. megaterium cells, the cell-specific accumulation effect of each equilibrium metal concentration in solutions containing only that metal was examined. Resting cells (15.0 mg dry wt. basis) were suspended in 100 mL of the solution (pH 5.0) containing the desired amounts of Sm or Lu for 3h at room temperature.
Effect of rare-earth-element concentrations on selective accumulation in microorganisms.
In order to determine the effect of the initial concentration of the rare earth elements on their accumulation in S. albus and B. megaterium cells, the accumulation from a solution containing equivalent molar amounts of Y, La, Sm, Er, and Lu were examined. Resting cells (15.0 mg dry wt. basis) were suspended in 100 mL of the solution (pH 5.0) containing the desired amounts of each metal for 3h at room temperature.
Results and Discussion
Screening of microorganisms for selective accumulation of Y, La, Sm, Er, and Lu using various microorganisms. The amounts of total accumulated metals in some Gram-positive bacteria and actinomycetes, such as A. nicotianae, B. subtilis IAM11060, S. albus, and S. levers, were higher than those in others (Table 1) . Among these, the strains S. albus and S. levers had higher accumulating abilities for Lu than for Y, La, Sm, and Er. These strains can accumulate Lu at about 150 µmol/g dry wt. cells. On the other hand, in A. nicotianae, the amounts of accumulated Sm and Lu were higher than the amounts of Y, La, and Er. This strain can accumulate Sm and Lu about 150 µmol/g dry wt. cells. The amount of Sm accumulated in B. megaterium was higher than the amounts of Y, La, Er, and Lu, though the total amount of the rare earth elements accumulated in this cell was lower than that in A. nicotianae, B. subtilis, S. albus, and S. levoris.
The results of these experiments are quite different from those of Reference 17. Gram-negative bacteria, such as Variovorax paradoxus and Comamonas acidovorans, show a higher capacity to accumulate light rare earth elements, such as Y, La, and Nd than to accumulate heavy rare earth elements.
17
Selective accumulation of Y and rare earth elements in microorganisms. As shown in Figure 1-(A) , in S. albus, Lu was accumulated at higher amounts than other elements while in B. megaterium, Sm had the highest accumulation (Figure 1-(B) ). Furthermore, as shown in Figure 1 Table 2 .
Effect of initial rare-earth-element concentration on selective accumulation in microorganisms. As shown in Figure 3 
